We study theoretically the formation of the deeply bound pionic atoms in various cases to deduce the pion properties in nuclei precisely from the observables. We show the angular dependence of the pionic atom formation spectra of the 122 Sn(d, 3 He) reactions in the forward angles. At each scattering angle, a different combination of the pion-bound and neutron-hole states dominates the spectrum because of the kinematical condition. We conclude that we can obtain information on the deeply bound pionic 2p state in addition to the 1s and 2s states by observing the spectra in finite angles. We also consider the neutron-odd nucleus as a target nucleus of the formation reaction, because it has an advantage that the pionic atom is formed in the even-even nucleus, of which the ground state has no neutron-hole states. In the 117 Sn(d, 3 He) reaction, we find that we can see clearly the peak structure of the pionic 1s state formation with the ground state of the even-even nucleus 116 Sn. The pionic atom in the even-even nucleus will not have additional shifts induced by the effects of the residual interaction between pion-bound and neutron-hole states. The observation of these pionic states is preferable for extracting the accurate information on the pion properties from data.
Introduction
Deeply bound pionic atom is a very interesting system to deduce pion properties at finite density and to obtain precise information on partial restoration of chiral symmetry in nuclei [1] . The deeply bound pionic states have been experimentally produced in the (d, 3 He) reactions with the Pb and Sn targets by following theoretical predictions. In Ref. [2] , the energy shifts and widths of the pionic 1s state have been measured in three Sn isotopes. From these observations, the changes of the pion decay constant f π and the chiral order parameterin nuclei were concluded.
However, to develop further studies of the pion properties and symmetry restoration in nuclei, we need more systematic information on the bound state spectrum. It helps us to determine the pion-nucleus interaction uniquely by reducing systematic errors coming from the uncertainties of the neutron distribution in the pionic atom and the absolute energy calibration. From the precise knowledge of the pion-nucleus interaction, one can deduce the in-medium modification of the fundamental quantities related to chiral symmetry, such as the quark condensate.
In this paper, we report the theoretical studies of the formation of the deeply bound pionic atoms in various cases. We study the formation of deeply bound pionic atoms by the (d, 3 He) reaction in finite angles. At forward angle, the contribution from the pionic s state formation with the neutron s hole state is selectively populated because of the kinematical selection rule in the recoilless kinematics. On the other hand, we can expect to have the manifestation of the formation of the different pionic states in finite angles because of the finite momentum transfer.
We also consider the neutron-odd nucleus as a target nucleus of the formation reaction in addition to the even-even nucleus. So far, all theoretical and experimental studies have been concentrated on the even-even nuclear target cases. For the even-neutron nuclear target cases, since the final pionic states are the pion-particle plus neutron-hole [π ⊗ n −1 ] states, we will have to take into account the residual interaction effects [3, 4] to deduce the pion-nucleus interaction precisely from the high precision experimental data. On the other hand, for the odd-neutron nuclear target cases, we expect to observe the pionic states with the ground state of the even-even nucleus with J P = 0 + , which will not be affected by the additional shifts induced by the residual interaction effects. The observation of pionic states free from these effects is very important to obtain more accurate information on pion properties in the nuclei from data.
Formulation
We calculate the formation cross sections of the pionic atoms in the (d, 3 He) reaction using the effective number approach. The contributions of the bound state formation and the quasi-free pion production in the (d, 3 He) cross section are written as,
in the laboratory frame. Here,
indicates the elementary cross section for the d + n → 3 He + π − reaction in laboratory frame, which is extracted from the experimental data [5] . The
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Natsumi Ikeno calculation of the cross section is done in the heavy limit of the target nucleus with introducing a kinematical correction factor K defined by
where the momenta and energies with index A are evaluated in the kinematics of the finite nuclear target, and all the kinematical variables are evaluated in the laboratory frame. The correction factor K is important to estimate the angular dependence of the cross section. In order to predict the realistic spectrum shape of the (d, 3 He) reaction, we take into account the normalization factor (F O ) of the neutron state in the target nucleus and the relative strength (F R ) of the nuclear excited levels of the daughter nucleus, which are determined using the spectroscopic strength obtained from the experimental data of the one-neutron pick-up process. As for the symbol of the spin sum ∑ spins , we use the different practical expressions for the even-neutron and the oddneutron nuclear target cases. The different expressions of the effective number N eff are also used for the even-and odd-neutron nuclear target cases. The details of the spin sum symbol and the effective numbers are explained in Refs. [6, 7] .
Numerical results
We study the formation of the deeply bound pionic atoms in the 117 Sn(d, 3 He) and 122 Sn(d, 3 He) reactions at the forward angle θ lab dHe = 0 • and at a finite angle θ lab dHe = 2 • . In Fig. 1 , we show the calculated spectra for the pionic state formation at θ lab dHe = 0 • in the 117 Sn(d, 3 He) and 122 Sn(d, 3 He) reactions with the deuteron energy T d = 500 MeV. In addition to the total spectra, the contributions of the bound pionic state formation and the quasi-free π − and π 0 production are also shown separately. The dominant subcomponents are also indicated in the figure with their quantum number. In the 117 Sn(d, 3 He) spectra (left figure), we find that we can clearly see the peak structure of the pionic 1s state formation with the ground state of the eveneven nucleus 116 Sn as indicated in the figure as [(1s) π ⊗ 0 + ground ]. The subcomponents coupled to the ground state of the daughter nucleus 116 Sn will not have additional shifts induced by the residual interaction effects. In the 122 Sn(d, 3 He) spectra (right figure), the 1s and 2s pionic states coupled with the same (3s 1/2 ) −1 n neutron hole state can be seen as the clear peak structures. In both the 117 Sn(d, 3 He) and 122 Sn(d, 3 He) spectra, the contribution from the pionic 1s state formation with picking-up one neutron from the s 1/2 state is found to be large because of the matching condition with the recoilless kinematics. We find that the total spectrum of the bound pionic state formation in the 117 Sn(d, 3 He) reaction spreads over a wider energy range than that in the 122 Sn(d, 3 He) reaction. This is because the excited levels of 116 Sn tend to have larger excitation energies (E x ) than those of 121 Sn.
We show in Fig. 2 the calculated spectra for the pionic atom formation at θ lab dHe = 2 • in the 117 Sn(d, 3 He) and 122 Sn(d, 3 He) reactions. Due to the large momentum transfer, the pionic 2p state contributions become relatively larger than those at θ lab dHe = 0 • in the both spectra, and consequently the total spectra are more complicated in finite angles. Especially, for the 117 Sn target case, there are a lot of nuclear excited levels for one-neutron pick-up process, and thus there are much more
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and so on as examples of numerous subcomponents of the 117 Sn(d, 3 He) reaction. As naturally expected, the total spectrum of the 117 Sn(d, 3 He) reaction is more complicated than that of the 122 Sn(d, 3 He) reaction.
Nevertheless, we stress here that the spectra of the 117 Sn(d, 3 He) reaction have the important advantage over that of the 122 Sn(d, 3 He) reaction for getting the precise information on the pionic 1s state. As we can see from Figs. 1 and 2, the largest peak produced by the contributions of the pionic 1s state appears at B.E. 3.9 MeV in the both spectra of the 117 Sn and 122 Sn targets. For the 122 Sn target case, two subcomponents of [(1s) π ⊗ (3s 1/2 ) −1 n ] and [(1s) π ⊗ (2d 3/2 ) −1 n ] are included in the largest peak because of the small difference (∼60 keV) between the separation energies of these two neutron levels in 121 Sn [8] . The contribution of the [(1s) π ⊗(2d 3/2 ) −1 n ] subcomponent becomes relatively larger in finite angles because of the kinematical selection rule with the finite momentum transfer and it gives a non-negligible contribution. On the other hand, we find in Fig. 2 (left 
Summary
We have studied theoretically the formation of deeply bound pionic atoms and showed the 117 Sn(d, 3 He) and 122 Sn(d, 3 He) spectra at θ lab dHe = 0 • and θ lab dHe = 2 • . We have found that the calculated spectra for the 117 Sn target clearly show the isolated peak structure with the signle subcomponent of the pionic 1s state formation with the ground state of the even-even nucleus ([(1s) π ⊗ 0 + ground ]), which has no residual interaction effects. Thus, the formation of this pionic 1s state is preferable to extract the most accurate information on the parameter of the QCD symmetry from the observation. The experiment for the pionic atom formation on the odd-neutron nuclear target will be performed at RIBF/RIKEN in near future [9] .
We have also found that the 122 Sn(d, 3 He) spectra are dominated by the subcomponents including (2p) π state at larger angles θ lab dHe ≥ 2 • , while they are dominated by the (1s) π and (2s) π states in forward angles. Thus, we conclude that we can obtain information on the deeply bound pionic 2p state in addition to the 1s and 2s states by observing the spectra in finite angles. As indicated in Ref. [8] , the observation of several deeply pionic bound states in a certain nucleus will help to deduce precise information on the pion properties and the chiral dynamics at finite density. This sort of experiments has been performed at RIBF/RIKEN [10] . In near future, we will deduce more accurate pion properties in nuclei from data.
